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A goaf of cystic fibrosis (CF) gene therapy is correction 
of the mutant CF transmembrane conductance regulator 
(CFTR) gene with wtid-type (wt) DNA sequences to restore 
normal CFTR protein and function. Experiments with 
wtCFTR cDNA expression vectors have shown that the Ct 
ion transport phenotype associated with CF can be cor- 
reeled to resemble that in normal cells. An alternative to 
cONA-based gene therapy strategies is one that corrects 
endogenous mutant sequences by targeted replacement 
with the wt homologue. To test whether such a strategy 
was feasible, a small fragment homologous replacement 
(SFHR) strategy was used to replace specific genomic 
sequences in human epithelial cells. Small fragments of 



genomic wtCFTR DNA were transfected into transformed 
CF epithelial cells. Replacement by exogenous CFTR DNA 
at the appropriate genomic locus and its expression as 
mRNA was indicated by: (1) atte!e*specWc polymerase 
chain reaction (PCR) amplification of genomic DNA and 
mRNA'denved cDNA; and (2) hybridization of PCR pro- 
ducts with aJlete-spetiflc probes. In addition, the functional 
activity of CFTR protein was determined by whole cefl 
patch damp. Southern hybridization and patch damp 
analyses suggested that approximatefy 1 in 100 CF ceils 
underwent a homologous replacement event that resulted 
in intact CI transport. 
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Introduction 

Isolation and characterization of the CFTR gene 1 - has 
been crucial for understanding the biochemical 
mechanismCs) underlying CF pathology. A 3-bp, in-frame 
deletion eliminating* a phenylalanine at codon 508 
(AF508) of CFTR protein is the most common CF 
mutation and has been found in about 70% oi all North 
American CF chromosomes. 3 4 This and other CFTR gene 
mutations result in the cAMF-dependent CI ion transport 
defect which gives rise to the CF phenotype. 

Correction of defective CI ion transport is the basis for 
al) CF gene therapy strategies. Initial in vitro studies 
showed that introduction of recombinant viral vectors 
carrying ictCFTR cDXA into CF epithelial cells corrects 
this CI ion transport defect. 5 ^ 8 Gene therapy strategies 
have used adenovirus vectors for transfer of wtCTTR 
cDNA into the human airway epithelium^ 1 - and lipo- 
some- media ted gene transfer to human nasal mucosa. 13 
Thus far, the adeno-assodated virus (AAV) system has 
been shown to be effective for transfer into cultured CF 
airwav epithelial cel.*" and rabbit airways 1 * and is now 
entering into a clinic* I trial- 
While these cDXA-based approaches are an important 
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first step toward development of CF gene therapy proto- 
cols, there are numerous drawbacks. The first is a signifi- 
cant immune response following exposure to adenoviral 
vectors which leads to inflammation in the infected 
area K\i2.i?.:- Th e second is that under certain circum- 
stances, overexpression of tof CFTR cDNA can be toxic in 
vitro and in zivo. x ~ } * Eukaryotic expression vectors carry- 
ing the CFTR cDMA are independent of the regulatory 
systems that control cellular levels of CFTR. As a result, 
transcription of CPTR cDNA may activate metabolic and 
physiologic feedback mechanisms that are not compatible 
with normal function and /or survival Finally correction 
appears to be transient 10 " 13 - 15 ' 16 and may not completely 
resolve the CI" and Na" transport abnormalities also 
associated with CF- 19 

Since solutions to these problems remain elusive, it is 
unclear whether the cDNA-based gene therapy strategies 
will result in the normal phenotype necessary to treat CF 
individuals. It may therefore be necessary to develop an 
alternative *?ne therapy approach. One possibility would 
be direct correction of the genomic lesion by gene tar- 
geting. Recent studies exploring gene targeting have 
shown correction of episoma) DNA either with oligo- 
nucleotides- - : or by using replication-defective adeno- 
virus vector s.— 

We tried SFHR as a targeted gene replacement strategy 
to correct the AF508 mutation. Small (491 bp) fragments 
of genomic CFTR DNA were introduced into CF cells. To 
initiate SFFiR. cells were exposed to approximately 10* 
DMA fragments per cell using liposome or polyarrudoam- 
ine vehicles to transfer the DNA. Some studies were car- 
ried out with rec A coated fragments as there is evidence 
that homologous pairing in human DNA can be 
enhanced bv the coating of single strand DNA (ssDNA) 
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fragments with the bacterial recombinase, rec AP Analy- 
sis of genomic D\*A, cytoplasmic RNA. and CI ion trans- 
port indicated homologous replacement and correction of 
the CF CI transport defect 

Results 

PCR analysis of the genomic cell-derived DNA and cyto- 
plasmic RNA was carried out with both allele-spectric 
primers and primers outside the region of homology 
(Figure 1). To ensure that the PCR analysis of the DNA 
was only from the genomic locus comprising the region 
of homology, in either case at least one primer was out- 
side the 491 -bp region of homologv defined bv primers 
CF1 and CF5 (Figure la) (Tables 1 'and 2). Reverse tran- 
scription PCR (RT-PCR) of the cytoplasmic RNA was car- 
ried out where amplification always crossed intron/e\cn 
boundaries (Figure lb). Electrophysiological analysis was 
carried out specifically to measure CI currents and mem- 
brane voltage was monitored continuously. The whole 



cell CI current was measure in intervals by stepwise 
clamping of membrane potential to ±30 rrtV in increments 
of 10 mV. 

DNA analysis 

PCR analysis of cellular DNA indicated that SFHR had 
occurred in CF cells transfected with ictCFTR fragments. 
SCFNPEl4o- DNA was analyzed 4 days after transfec- 
tion with the dendrimer-DNA complex by allele-speciflc 
Southern hybridization of PCR products derived from 
the genomic exon 10 locus with primers (CF1B/CF6) 
(Figure 2). These primers are outside the homologous 
region defined by the transfection fragment. The 
hybridization analysis shows genomic ictCFTR sequences 
were present in cells transfected either by gramicidin S- 
DNA-lipid (GS) or with the Starburst dendrimer-DNA 
(5D) complexes (Polysciences, Warrington, PA, USA) 
(Figure 2). Replacement frequency values were calculated 
after densHometric readings for 1F5Q8 signals (bottom 
panel) in all lanes. By comparing hybridization of N and 
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491 bp (N) 


to- 




CF1B 


CF1 












^^^^^ 








CP3 





CF7fi(N) 
CF&fl (AF) 



414 bp (N) /411 bp(AF) 



771 bp(N) /768bp(4F) 



CF17 




oligo N 
oligo A F 



322 bp (N)/321 bp (A F) 



Figure J fti ) Vie jyyir?: of homology defined tor tlte exo*y>xu< frngr:c:: .? 4$l-bp DNA stretch t^" DNA .Untied by ?CR primers CFLCF5- Cellular 
DNA and RSA from :rjn*fected cells itvrtf isolated JKslyzed fr* — idtnee of homologous repiacetneni. Sezxral Jin,-™.' approache* zcere taken for 
the anal'jtis of DNA. Both *itlele-specmc Southern blot hy'mfization r PCR products and alleU'Specific PCR ampUfiaiict of genomic DNA were used 
to assess homologous replacement. To ensure that the ger.c*nic locus :cfi:,uning the homologous region :ca$ specific-ally amplified, at least one PCR 
primer zras outside the region of homology. In a successful :ran$fecticK. amplification zvith primers CF1B.CF6 (both are eutside tlie homologous region) 
results in 771-bp and 7c$-bp fragment* (3 bp are deleted vr AF503 CFTR DNA). Detection of wtCFTR vithin this population of PCR products v?as 
accomplished by Southern hybridization with DNA probes ipveific for <ex]itences t Af tele-specific amplification of gtncmtc DNA was carried out with 
primers CF7B-CF6 t414~bp wtCFTR fragment) or CF3B CF6 Whh- AFSOS fragment), (b) Analysis' of RNA for ictCFTR exon 10 sequences was 
carried out with primer* that spAn iutronfexon boundaries .»M cssur- ziiat only CfTR mtXNA-derived cDNA is amptfinL Primers in exon 3 (CF17) 
and allele-fpecific fivt. <%t> N or 50$. oHvp -lFJ primn hi exon !' ^vrc used. Amplification widi primers CFV .V yields a 322-bp normal DNA 
fragment only 'if transcription of homologous}}/ recmnbined DNA tuts x:urrext A 321 -bp fragment ivouUl be generated vr the AF50S mutation present 
in tin parental cell live K<ee Table 2 fo^PCRC condition?;. 
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Table 1 PCR primers and probes for SFHR analysis 



Primer 


Sequence 


Location 


CF1 (S) 


5'<scagagtacctgaaaCagga-3' 


IntrOn 9 


CF1 BCS> 


5'-CCTTCTCTGTGAACCTCTATCA*3' 


Intron 9 


CF51A) 


S'-CATTCACACTACCTTACCCA-y 


inrron 10 


CF6 (A) 


S'-CCACATATCAjCTATATGCATGC-^' 


Intron 10 


CF7B (A) 


5'<CATTAAAGAAAATATCATCTTTGG-r 


Exon 10 


CF8B <A) 


5'-CCATTAAAGAAAATATCATTGG-3* 


Exon 10 


CF17 <S> 


5'-GAGGGAnTGGGGAATTATTTG-3' 


Exon 9 


oligo N (A) 


S'-CACCAAAGATGATATTTTC^y 


Exon 10 


oligo AF CA) 


5'-AACACCAATGATATTTTCTT-3' 


Exon 10 



The nucleotide sequence of CFTR DNA primers are as described in the text and were derived from published data.'- 31 - 53 Sense © and 
anttsense (A) primers are as indicated. 



123456789 

. ^ « — 771 bp (N) 



H i l l ».-768bp(AF) 



Figure 2 Autoradiographic aiwlu<i$ of CF1BJCF6 PCR products 
f~l fy f of DNA from 2CFXPE14*- uih transfected ivith 491-nf 
fru^nitnt$ .7.- <1 tUndrirtitr-DSA complex. T:e PCR product in each line 
is prom the folloxeing: lane I, nontransfecied control cells; lanes 2 ami 4. 
ce!U transfected icith uncoated DtfA fragment?: lanes 3 ami 5, ceils trait*- 
fected tec A cooled DNA; lane '6, H z O: lane 7, from non~CF (S,S) 
lymphocytes; tnne 8 r AF5QS homozygote tif-AF) lymphocyte; lane 9, 
AT 508 heterozygote CAF/iV) lymphocytes. Tf'w upper and lover panels rep- 
resent hybridization to txoo ieporate blots of $tl$ run in parallel. Equival- 
ent foJ times of sample tvtre ntiquoted from the same PCR reaction for the 
same latte of each hybridization. 

AF probes to PCR products (lane 9> derived from hetero- 
zygote (N/AF) DNA, it was determined that the N probe 
signal was 1.1 greater than that of the £F508. To correct 
this difference in hybridization efficiency between the 
two probes, the values for SF signals were normalized 
by multiplying by 1.1. Replacement frequency was 
determined as described in the Materials and methods. 
Densitometry analysis indicated a replacement fre- 
quency of approximately 3-10 <: c. 

ICFTE29o- cells (Figure 3a) and CFPAC-1 cells (Figure 
3b- also showed site-specific replacement of the AF50S 
following direct allele-speciflc PCR amplification of gen- 
omic DNA. Cells transfected with the gramicidin S- 
D\"A-liposome complex or the dendrimer~DNA com- 
plex were harvested 3 and 10 days after transection 
shou-ed the presence of ictCPTR. 

RNA analysis 

Corrected DNA must also be expressed as mRNA to 
restore CFTR function. Allele-specifk RT-PCR analysis of 



Table 2 PCR fragments 


Primers 


Fragment size 


CF1/CF5* 


491-bp(N)/4a^bp(^F) 


CFlB/CF6 b 


m-bpONV768~bpUF) 


CF7B/CF6* 


414-bp fN) 




411-bpOF) 


CF17/.V 


322-bp(N) 


CF17/AF 


321-bpOF) 



Different primer pain and the resulting fragments following 
amplification. 

'Primers, 0.4 >im; DNA 50-100 ng; 94*C/60 s, denaturation; 
55 a C/30 3, annealing; 72°C/30 s with 4 s per cycle increase, 
extension; iMgr 2 1.5 m>i; 30 cycles. 

^Primers, 03 jiM; DKA 50-100 ng; 95°C/60 s, denaturation; 
56*C/60 fi, annealing; 72 C C/U0 9, extension; Mg* z 2.0 mM; 30 
cycles with 8 min extension on the last cycle. 
^Prvnexs, 03 p*m; 95 t C/95 min, denaturation; 5I°C/30 s, 
annealing; 72^/20 s, extension; Mg^ 0.8 mM; 40 cycles with a 
4 3 per cycle increase in extension time. 



ZCFTE29o— cells transfected either by electroporation or 
in a gramicidin S-DXA-lipid complex with the zctCFTR 
fragment coruttrmed that the cells expressed zctCFTR 
mRNA following transfection (Figure 4). Amplification of 
genomic DNA is circumvented by using primers that 
amplify across intron/exon boundaries. Amplified 
mRNlA-derived cDN'A from normal, 16HBEl4o-, cells 
(lane 2) and transfected £CFTE29o- cells (lanes 6-9) 
yielded DN'A fragments (322 bp) using allele-specific pri- 
mers with the CF17 oligo N. Amplification of mRNA- 
derived cDN'A frorr. ICFTE/con cells only showed a 
PCR product (521 bp' after amplification with the allele- 
specific primers, CF17 oligo AF primers, but not with the 
CFl7/ohgo N primer? (lane 3). Two separate electropor- 
ation experiments with the 491 nucleotide CFTR frag- 
ments (Janes 6 and 7» indicated the presence of u-rCFTR 
mRNA in the SCFTE29o- cells. In addition, RNA from 
gramicidin S-DNA-lipid- transfected ICFTE29o- cells 
also contained zctCFTR mRNA whether or not the 491 -nt 
fragments were coated with rec A (lanes 8 and 9). A zero 
time control isolation of RNA after transfection with frag- 
ment and subsequent amplification did not yield any 
PCR product (data not shown). These analyses strongly 
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abcdefghij 




AF 



_ 411 bp 



abcdefghij 




AF 



mm 411 bp 



abcdefghij 



abcdefghij 




N 



— 414 bp 




N 



_ 414 bp 



Figure 3 Alkt^idc PCR ambnH (using primers CFTBICF6 <N> or CFiB.CFo »JF).. u» Analysis of ICFTEZBo- alh tmnsfrttdwithMA 
J,wU™d to Starburtt d ini iri»ur'(\an# b and c) or gramicidin S-tipUl (fow? J and i). D\A vagmtnts tmcoated fonts * and J»JV*^??»:, 



1 ItVKf C il'ld il. I; 

ttOit-CF fjV/.Vi JvmpJwi 
i. (b) AlMif-f, 



iOfir^rf irn* flrtdvarf /pr -1F503 OF. top) and wtCFTR fiV. fcrftom*. GjMfn?/? zoerr 0/ D>M /rt>m; nonlmttsfected, lane f cells, 

„ ivmptofvi*. fan* ^; JF^05 homozygote OF.UF) iympftucyltf. /«w ft; -1FS0$ heterozygvte (Af/S) lymphocyte, lane v.and Hrf), tow 
Wife PCK .i»ot/w5I5 of CFPAC-2 fmrtifccftfd nrfrt 491 -wr fmyntnt* usin S the Starbunt d*idnmer~DNA *^f*-JF*!*^$ 
CFPAC-i D\A from nwtrtmstoted (lane b) and mock-trans fected {without DNA fra$menti vitrei ceils (lanes c and drills transacted xmfo Mgf« 
e and*) and control UNA from the N/N and N/AF lymphocytes (tane; J and 0 todicMed wtCFTR sequences. The 1F508 homozy&Xe t&im 
fontphocvh- wtttrvl is in lane h. A 123-bp marker was used (lane a) and an H-0 Antral aw 5 in /nw /. 



suggest expression of genomic DNA sequences replaced 
at the CFTR exon 10 locus with incoming homologous 
DNA fragments. 

Electrophysiological analysis 

Patch clamp analvsis of lCFT£29o~ cells translated with 
the gramicidin S-DNA-Hpid (GS) or the dendrimer-DNA 
(SO* complex wa? performed to detect cAMP-dependent 
Ci transport. The homologous DN r A fragment was either 
naked (C5- or SD-) or rec A-coated or SD+-). When 
rhe results are compared to those from non-CF, 
loHBEHo- cells (Figure 5. panel d), the level of whole 
cell CI conductance (G C i) was similar for the responding 
transacted cells (Figure 5, panel 0, while the control non- 
transfected CF cells failed to show any increase in cAMP- 
dependent G c . (Figure 5, panel b)> Analysis of 4$ 
ICFTE/con ceils and 71 of 73 transfected ICFTB29o- 
cells (SCFTH/T-) showed no increase in Get following 
exposure to torskolin. However, in seven of 78 trans- 
fected cells torskolin increased CI conductance 



(SCFTE/T-) (Table 3). In these seven positive cells, 
whole cell CI conductance was reversibly increased by 
forskolin (Table 4) (Figure 5, panel 0- Membrane depolar- 
ization (APD) was also reversibly increased after reduc- 
ing the bath CI concentration to 30 mM (Table 4) (Figure 
5, panel e>. There was no indication of a cAMP-depen- 
dent CI current immediately after transfection with frag- 
ment. The CI conductance of the unstimulated cells (G C oJ 
at time zero after transfection was 4.3 ±0.9 nS- The for- 
skolin induced Ci conductance (G For ) was unchanged at 
4.3*0.3 nS in ~ 5). Comparable increases in the whole 
cell CI conductance were seen in SCFTE/con, 
ICFTE/T-, and ICFTE/+ cells after exposure to iono- 
mvcin (G,^.; 5 x 10" 7 m) and after hyporonically induced 
cell swelling (C h *f,J (Table 4), 

Discussion 

This studv demonstrates homologous replacement of 
endogenous AF5Q8 CFTR sequences by exogenous 
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Figure* flT-PCR analysis of CFTR mRSA from ICFTE29o- cells 
ekxtropomted with rec A-cotited 491 -nt fragments (lane? 6 and 7) or with 
uncoated or w A<oated DMA in the CS complex 'lanes 8 and 3. 
respectively). Cytoplasmic RSA uw isolated 7 days Afte r irnnsfectiort. A 
321-bp PCR phduct atli produced from tmnsftcted SCFTE290- cells 
when the cDSA tills directlv amplified with prhnerf Cf:? AF in control 
ceth 'lane 4/. Hivuw, only normal control 16H3EJ4C- cells thru 2> 
.v:d the transected cells t lanes 6-9) gate rt yrvttttct CcV*: .vnplirled with 
primer < CF17 N. Xo product zca$ observed when cDNA SCFTEfcon 
cells lifts tunplrted for xtCFTR sequence* (lane 3 J. Mi-ker OS A (100- 
by* is tn lane.- 1. 5 and 10. 



Table 3 Breakdown of 3CFTE29o- patch damp analysis 



ICFTElSo- 


Cent 


CSf- 




SDf- 


SDfr 


Cells (n) 


48 


22 


11 


15 


30 


Responses in) 


0 


3 


0 


1 


3 



SCFTE290- cells transfected with either a gramicidin 5-DNA- 
lipid (GS) or the Starburst dendrimer-DNA (SD) complex. The 
DNA fragment was rec A coated (GS+, 5EH or uncoated (GS-, 
5D-X Cells were individually analyzed by patch clamp. 
Responding cells showed a CI conductance and a change in 
membrane potential after forskolin stimulation and a reduction 
in bath NaCl concentration to 30 mM. 



wtCFTR D\"A in transformed CF epithelial cells. 
Analysis of CFTR mRNA in the rransfected cells indi- 
cated' that the trans fected exon sequence is also 
expressed. In addition, CF ceils that have been corrected 
bv homologous replacement display intact cAMP-depen- 
dent CI transport, thereby indicating expression of func» 
tional CFTR protein. 

Direct administration of small ssDNA fragments, as 
reported in this stud v. ad winces previous homologous 
recombination studied *"" 14 and shows that homologous 
replacement with small genomic DNA fragments can be 
used to correct naturally occurring CFTR mutations in Cf 
epithelial cells. 5FHR has an advantage over vector-based 
homologous recombination strategies.- because intron 
sequences are not disrupted by selectable marker gene 
sequences. This eliminates possible interference of 
marker gene transcription with that of the targeted gene 
and predisposes the homologous pairing to be energeti- 
cally more stable. While the number of cells corrected 
under these conditions is in the range of 10" : , it should 



t 30CI| | Fori 
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|30C) 
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Figure 5 Continuous recording* cf three differtttt whole cell patch damp 
experiments with ICFTE/ccn f centre! i (a f b), ISHBEl-lo- (c, d), 
1CFTE19q-I$D- U, /) cells. Cell membrane potential was measured con- 
tinuously (a t C, e; current clamp > and the whole cell current ivQi measured 
in intervals by voltage clamping to ±30 mV (b. d. f). forskolin (Fors; 10 
had no effect on xchole cell current of SCFTEJcon cells *a) and CI 
conductance could not be detected by redaction of the bath Ct concen- 
tration to 30 MM (30 Ch b). W^ote cell currents were increased by Fori 
in iSHBEUo- (d) and in tran&cted (ICFTElSo-fSO-) (fl <Wfc. More- 
over, after stimulation a significant increase in the membrane depolariz- 
ation was obsenvd following reduction of tha bath CI (30 CI: e t t) and 
indicates activation of CI conductance. All effects were reversible. 



be noted that the cells are exposed to approximately 10 6 
copies of fragment per cell. Thus on a per ceil basis, 
assuming a transfection efficiency of 10" '-lO" 2 , 27 - 23 the fre- 
quency of homologous replacement is approximately 
10-M0-*. 

The wc patch damp analysis is further confirmation 
of SFHR. Within a population of rransfected CF cells, a 
significant subpopulation of cells have had their cAMP- 
dependent CI transport defect corrected- The increase In 
whole cell current in seven of 78 fbrskolin-treated cells 
and the depolarization due to the reduction of the bath 
CI in each of the seven responding cells, clearly indicates 
that the whole cell increase was due to activation of a CI 
conductance. Precautions were taken to reduce the contri- 
bution of K* currents to the whole cell current by having 
CsCl in the pipette filling solution- The continuous rec- 
ording of cell membrane potential kept the cells at their 
own membrane potential and reduced artifacts due to cell 
swelling or voltage clamping. The apparent homologous 
replacement tn 9°c of the cells is in reality a maximum 
frequency in that it assumes that each responding cell 
represents a single homologous replacement event. How- 
ever, we can not rule out the possibility that in cases 
where multiple responding cells were detected (GS- and 
SD+, Table 3), each responding cell may have been 
derived from a single cell in which homologous replace- 
ment occurred. In this case, the responding cells would, 
in effect, reflect a minimum of three separate homologous 
replacement events indicating a frequency of approxi- 
mately 4% (three in 74 cells). These values show close 
agreement with a frequency from the densitomerric 
analysis (3-7%). In any event' the degree of homologous 
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Table 4 Whole cell CI transport responses 



cAMP-dep Ct transport 


ICFTE/cwt 
=» 4& 


ZCTTEfT- 
(n = Jl) 


ZCFTE/T+ 
(« = 7) 


(nS> 
C FOT CnS) 


3.9 * 0-8 
3.9±0-8 
0.0 + 0.0 


4.4 i 0.4 
45±0-5 
0.1 ±0.1 


4.2 + 0.9 
7.7 ±1.5 
8.1*13 


C<r 2 -dqp CI transport 


ZCFTEtam 
(n = 6) 


ICFTE/T- 


ZCFTE{T+ 

(n a 3) 


O m (nS) 
G,^, (nS) 


2.7 ±0-8 
5.8 1 1.7 


3.7 -0.5 
4.7 ±03 


11 ±03 
3.4 ±0.1 


Virtue ftep Ct transport 


ICFTE/con 

r« = 


to =30) 


to «4> 


G Wft (r6) 


2.0 ± 0.4 
11.3 ±23 


3.7= 0j 
19.4 ±3.4 


1.3 ±04 
19-0 ±1.1 



Whole cell conductance (Go) was calculated from the measured whole cell cunen* (D and the applied damp vgltage (VJ. Gq was 
determined after stimulation bv 10 h.m forskolirx (C^h by 5 x 1(T 7 m ionomycin (G^, or ^redncmg the NaQ csmcentrahon m the 
bath to 725 M for hypotonic cell swelling (C Hypo ). Conductance of unstimulated control cell? "G^j to detenninedseparately tor each 
treatment. Increases in membrane depolarization were determined after reduction «rf the ba=i a ccooentratjon UFO^a), ^ifc/oon 
= forskolm-stitnulated nontransfected control cells; XCFTE/T- = nonresponding, tekolin-tiinulaJtfd transfected cells; = 
responding, fprskolin stimulated control cells. 



replacement and phenotypic correction is close to the 
range (6-10%) that appears to be sufficient for conversion 
of a CF epithelial monolayer to one with normal CI trans- 
port properties. 2 ' These in vitro results are encouraging 
and have been confirmed to some extent in a xenograft 
model system of an airway epithelium in ritt>. w Further- 
more, preliminary analysis in primary airway epithelial 
cells also indicates that homologous replacement occurs 
and that CFTR mRNA with exogenous sequences is 
expressed (Z Xu and K Goncz, unpublished data). 

From the results of the multiple transfection protocols 
used, it is clear that each approach for introducing the 
DNA fragments into the cells is effective in facilitating 
homologous replacement. There was no obvious effect on 
the overall ability to detect homologous replacement. 
Because the CF system does not readily lend itself to 
quantification at the clonal level, it was difficult to deter- 
mine whether any particular transfection protocol *vas 
more effective than another. It was, however, observed 
that each transfection protocol (electroporation versus 
gramicidin 5-Upid-DNA versus dendrimer) showed some 
variability in the amount of PCR product detected. The 
cause for this variability is not known and will require 
further investigation in a system that can be more read- 
ilv calibrated. 

' The studies with rec A do not indicate an enhancement 
of homologous replacement. This may, in part, be due 
to interference with the encapsulation of the DNA-rec A 
complex in liposomes or dendrimers. Additional analysis 
is required to determine whether conditions for rec A- 
mediated homologous replacement can be optimized or 
if other recombinases are preferable for enhancement of 
homologous replacement in human cells. 

In summarv, SFHR presents an advantage over cDNA 
gene therapy" strategies, because the corrected gene con- 
tinues to be regulated by endogenous genomic promoters 
rather than a heterologous enhancer and promoter in the 



vector. Thus, ho— ologcus replacement increases the 
probability that th= corrected gene, whether CFTR or 
another gene, is expressed in the appropriate cells at the 
appropriate levels. The iact that these studies were car- 
ried out in transformed cells couid play a role in the over- 
all frequer.cv of homologous replacement detected 
because of their enhanced proliferative capacity. 
Although the efficiency of SFHR has not been evaluated 
in terms of =he eel cycle, one could imagine a scenario 
where replication fcrks and /or the displacement of Oka- 
zaki fragments mzy facilitate homologous replacement 
by providing convenient sites of homologous pairing and 
subsequent gene ecr.version- Additional studies will need 
to be carried out ir. primary cells and at different stages 
of the cell cycle to test what role cell transformation and 
proliferation plav ir. homologous replacement. 

The finding of functional cAMP-dependent CI ion 
transport bv patch damp analysis of gramicidin S-Hpid 
or dendrtaer-trar* rected cells shows promise for appli- 
cation of xtcs tecK-que to the treatment of CF. Whether 
or not random integration associated with SFHR is limit- 
ing in its apc-licatier to ger.e therapy also requires further 
invesrigatior_ We arv. however, encouraged that these in 
vitro studies mav ulTzma -ilv have important implications 
for gene therapy ;: and for development of transgenic 
animals. 

Materials and methods 
Celts and culture cznditicns 

Simian virus 40 (SV40)-transfonned CF tracheobronchial 
(£CFTC29o-». w C? nasal polyp (ICFNPE14o-), 3! and 
transformed CF pir.creatc adenocarcinoma (CFPAC-1) " 
and non-CF broncrial tlcHBEl4o-V v epithelial ceils were 
used. All CF ce" line? were homozygous for the 
AF50S mucation At 50? AF50SK The XCFTE29o- and 
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ICFNTE140- cell lines were grown in Eagle's minimal 
essential medium (MEM) supplemented with \0% fetal 
bovine serum (FBS) and anc:biotic~, while the CFPAC-1 
cells were grown in Dulbecco's modified Eagle'* 'Ham's 
F12 medium (DME/F12; 1:1*. All cell lines were growm 
under humidified conditions in a 5°c CO- atmosphere 
at 37'C 

Fragment preparation 

The region of the CFTR gene spanning e\on 10 '192 bp) 
and the 3' (136 bp) and r P (165 bp) tlankins intron. 
defined by sequence data published previously," ivas 
chosen as the exogenous fragment. A S&O-bp fragment 
including these sequences was generated after cleavage 
of piasmid T6/20 (ATCC Rockvffle, MD, USA)- by 
restriction enzymes EcoRI and H; s :dIII and isolated by 
electrophoresis in a 03% SeaPlaque agarose gel (FMC 
8toProductS/ Rockland, ME, USA). - A 50-ng aliquot of 
the 860-bp fragment was used to generate the 491 -bp 
wtCFTR fragment by PCR with primers CF1 and CF5 
(Figure la, Tables 1 and 2). Fragment size was confirmed 
by electrophoresis on a \% agarose gel then amplified in 
bulk in 20 separate PCR amplifications, each containing 
50 ng of template DMA. The 491 -bp product was 
extracted with phenol: chloroformusoamyl alcohol 
(25:24:1) and precipitated with ethanol. DNA fragments 
were denatured and 491 -nucleotide fnt) ssDNA u-as used 
in the targeted replacement studies. The ssDN'A frag- 
ments were either coated with rec A protein (Pharmacia, 
Piscataway, NJ, U5A) 24,3 *- 3r or left uncoated. Rec A-coated 
DNA fragments (5 p-g in a 4 pA volume) were denatured 
at 95°C for 10 min, immediately placed in an ice-water 
bath, then added to 63 \l\ of reaction buffer containing 
200 jxg of rec A protein, 4.8 m_M ATP\'5, 2 m>i Mi-acetate, 
and 17 ^1 reaction buffer (100 m_M Tris-acetate. pH 7.5 
at 37°C; 10 m.M dithiothreitol: 500 mM Na-aceta;e> (final 
volume 67 and incubated for 10 min at 37 : C. Next, 
the Mg-acetate concentration was increased to 20 m>i by 
adding 7 fi.1 of 200 m.M Mg-acetate. Under these con- 
ditions, the ssDN'A fragments were coated with rec A 
protein at a molar ratio of three bases per one rec A mol- 
ecule. After coating, the fragments were immediately 
placed on ice at 4°C until transfection (10 min to 1 h). 
Fragments left uncoated were taken through the above 
protocol in the absence of rec A. 

Transfection of DNA 

In initial studies, cells were transfected with the 491-nt 
fragments by needle microinjection. Subsequently, frag- 
ments were introduced into cells by electropor&cion, as 
a gramicidin S-DNA-liposome (G5> complex,- or as the 
polyamidoamine cascade polymer the Starburft den- 
drimer-DNA (SD) complex. 2 " 

Electroporation experiments were performed uiing rec 
A-coated 491 -mer SsDNA as descried above. Approxi- 
mately 10 7 exponentially growing cells were suspended 
in 400 fxl of rec A coating butter with 5 h-S < 5 ^' OI rec 
A-coated DNA- The cell suspension was preincubated on 
ice for 10 min and electroporated at 4 £ C with 400 V and 
400 y,F in a BTX 300 electroporator (BTX, San Dieso, CA, 
USA). After electroporation, cells were incubated on ice 
for an additional 10 min, diluted in Eagle's minimal 
essential medium (MEM) supplemented as described 
above, then seeded in a T75 flask- Under these electropor- 
ation conditions, approximately 30-50^ of the cells sur- 
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vive. Cells were cultured at 37 3 C in a humidified CO z 
incubator for 5-7 days and then harvested for DNA 
and RNA. 

GS complexes were prepared with dioleoylphosphatid- 
ytethanolamine iFtdEtn, DOPE). The lipid was dried 
under nitrogen at room temperature/ 3 re hydra ted with 
30 mM Tris HC1 buffer (pH 9), and then sonicated for 
15 min under an argon atmosphere. The complex was 
prepared in polystyrene tubes by diluting 20 u,g of DNA 
in 30 mM Tris HC! (pH 9) buffer. Gramicidin S was added 
to the DNA and rapidly mixed. Next, 175 ul of the lipid 
solution (1 ™ nmol of lipid) was added to the gramicidin 
S-DNA mixture to create the protein-DNA-Iipid com- 
plex. 

SD complexes were prepared with 4 fig of DNA in rec 
A coating buffer (45 p.1) diluted to a final volume of 330 
pd in MEPES buffered saline, 10 mM HEPES, 150 mM 
NaCl, pH 7.3 (HBS). In a separate polystyrene tube, 25 
ug cf Starburst dendrimer, sixth generation* 7 (in 25 
0.1 w/v) was diluted into a final volume of 170 u.1 with 
HBS. The dendrimer solution was then added dropwise 
to the DNA solution. The transfection cocktail (500 \d per 
flask) was incubated at room temperature for 5-10 min 
and then placed into a T25 flask containing cultured cells 
covered with serum-free medium (1 ml). 

Cells were transfected at 70-90% confluence and incu- 
bated in serum-free medium with GS or SD complexes 
1 4 p.g DNA per dish) for 5 h at 37°C The medium was 
then replaced with complete growth medium. Cells were 
propagated at 3~C after transfection, with daily replace- 
ment of medium for 1 week. 

DNA and RNA analysis 

Genomic DNA and cytoplasmic RNA was isolated and 
purified from cells as described 30 ' 31 - 38 ' 3 * at different times 
following transfection. Cellular DNA was initially ana- 
lyzed for the presence of wt or AF sequences following 
PCR amplification with CF1B/CF6 (Table 1) by aiiele- 
spedfic Southern hybridization. Primers CF1B (sense) 
and CF6 (antisense) are outside the 5' and 3' ends of the 
homologous region, respectively and give rise to a mixed 
population wt and AF50S PCR products after amplifi- 
cation of DNA from transfected cells. In addition, CF6 is 
outside the region defined by the EcoRI-ffmdIII 860-bp 
fragment generated from the T6/20 piasmid. This 
ensures that fragments generated by amplification with 
CF6 will not detect any residual 860-bp DNA carried 
through from amplification of the 491 -bp fragment. 
.Amplification conditions for CF1B/CF6 were such that 
the potential for template switching 40 - 41 should be minim- 
ized if not eliminated (Table 2). 

Allele-specific Southern hvbridization was then used to 
a«es? SFHR. The CF1B/CF6 products were hybridized 
with ? "P-labeled oligo N" or oligo AF probes (Table 1). 
Hybridization wa? performed as described previously at 
42" C.^ 1 " 51 - 3 " After washing, membranes were analyzed 
autoradiographically by exposure to radiographic film. 

Autoradiographs were analyzed with a GS 300 Scan- 
ning Densitometer (Hoefer Scientific Instruments, San 
Francisco, CA, USA) to assess the frequency of homolo- 
gous replacement. The relative efficiency of hybridization 
of the oligo \" and oligo AF probes was determined by 
comparing the intensity of transmission after hybridiz- 
ation to PCR fragments derived from heterozygote 
«AF/N) lymphocyte controls. For normalization, band 
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